Focusing on the issue that the spatial modulation (SM)-aided full-duplex relaying (SM-FDR) scheme cannot obtain transmit diversity, we present a space-time block coded spatial modulation-based full-duplex relaying (STBC-SM FDR) protocol in this paper. In the proposed STBC-SM FDR transmission scheme, both the source and the destination nodes work in half-duplex (HD) mode, while the relay node works in full-duplex (FD) mode, and it forwards the information bits from the source via the STBC-SM codewords. We investigate the performance of the STBC-SM FDR scheme in terms of the bit error rate (BER) performance and capacity. Furthermore, a digital self-interference (SI) cancellation method based on nullspace projection (NSP) and the orthogonality of the core STBC-SM is presented to enhance the performance of this scheme. Simulation results show that owing to achieving the second order transmit diversity, the proposed STBC-SM FDR protocol has obvious better BER performance than the SM-FDR scheme, and Monto Carlo simulation results also verify the validity of our theoretical analysis.
I. INTRODUCTION
RELAY-ASSISTED communication is an effective way to improve the system performance and extend the coverage, however, its low spectral efficiency and resource utilization still remain further studies. Therefore, many technologies have been studied to solve or alleviate these problems, such as multiple-input multiple-output (MIMO), full-duplex (FD) and cooperative communications.
Full-duplex (FD) transmission is a promising ingredient of 5G communications [1] . In FD mode nodes can transmit and receive signals at the same time and frequency, which doubles the spectral efficiency compared with halfduplex (HD) mode. As a typical FD transmission, fullduplex relaying (FDR) has attracted lots of attention [5] - [16] . However, strong self-interference (SI) suffered at the relay node, due to the SI signal from the relay's transmitter to its own receiver. To improve the performance of FD transmission, various SI suppression methods have been studied recently. The SI suppression methods are usually classified The associate editor coordinating the review of this manuscript and approving it for publication was Shuai Han . into two cases: passive and active suppressions [2] . Passive suppression [3] employs the physical isolation between transmit and receive antennas, which mitigates the SI by increasing the path-loss. Active suppression includes analog cancellation, digital cancellation, and the combination of them. More details are shown in [2] , [4] about SI suppression.
Many works are dedicated to mitigate the effect of SI on FDR systems. MIMO precoding is considered as an effective way to mitigate the SI and the authors of [5] proposed an FD precoding transceiver to process forward beamforming and SI cancellation together. In [6] the authors applied zero-forcing (ZF) to find an optimal beamformer for the FDR system. By combining the signal-to-leakage-and-noise ratio (SLNR) and the aided precoding design based on convex optimization, the authors of [7] proposed a modified SLNR precoding scheme to achieve better capacity performance as the strength of the SI decreases. Due to the high complexity of the FDR using MIMO techniques, a spatial modulation (SM)-based transmission protocol was proposed in [8] , where the non-activated antennas at the relay are used for reception while the activated antennas forward the previously decoded information bits to the destination, which effectively reduces the number of RF chains and increases the utilization but ignores achieving diversity gains. As the diversity gains could improve the performance by increasing the robust of the FD system, in [9] and [10] the authors proposed different distributed space-time coding schemes for FDR to provide diversity gains and both schemes achieved better performance. Considering the complexity of mitigating the SI in FD mode, the authors of [11] and [12] proposed successive two-way relaying (STWR) systems which use two conventional HD relays to realize an FD two-way relay (FD-TWR) to avoid the SI cancellation but increase the hardware cost. In addition to the above researches on SI suppression, FDR has been further studied for improving the performance of the systems in recent years. To maximize the system spectral efficiency, the authors of [13] proposed a scheme by using an opportunistic switching between FD and HD relaying modes. Also, a full-duplex relay-assisted orthogonal frequency-division multiplexing (OFDM) with index modulation system was proposed in [14] to achieve higher end-to-end capacity. In order to further improve the spectral efficiency and achieve massive multiple access, the authors of [15] proposed a framework of a multiple-small-cell-based macrocell system with full-duplex millimeter wave backhauls. In [16] , by using adaptive reception-transmission at the FD relay, authors proposed buffer-aided relaying schemes for the different cases of transmissions to improve the overall performance. These studies show that FDR communication is a promising research direction. But in general, SI cannot be fully cancelled after SI suppression and the residual selfinterference (RSI) still affects the performance of the FDR systems. Therefore, it is of great significance to mitigate the RSI on FDR transmissions.
As a new type of MIMO technique, SM [17] , [18] requires small number of RF chains and carries extra bit by using the antenna index. Because of the potential power savings and high data rate, SM-MIMO is considered as a green wireless network for the next-generation cellular networks [19] . In the meantime, SM offers low-complexity implementation while avoiding inter-antenna interference and synchronization [20] , compared to traditional MIMO techniques. It proves that SM can achieve better performance than V-BLAST for a given spectral efficiency while the complexity of receiver is greatly reduced [21] . With these benefits, SM can be applied to the massive MIMO systems [22] , which improves the performance and energy efficiency by using hundreds of antennas. Recently, several researches have combined SM with FD to take advantages of FD's high data rate and SM's lowcomplexity implementation. The most typical example is the SM-based FDR called SM-FDR transmission scheme in [23] , where a single-RF SM-MIMO configuration is employed at the relay node. In this FD relaying protocol, destination node adopts a demodulator to take advantage of the direct connectivity between the source and the destination in order to efficiently improve the aggregate throughput of the network. During the SM-FDR transmission, the non-activated antennas at the relay are available for reception, which saves the transmit power and makes full use of the antennas at the relay. In addition, parts of bits are carried by transmit antenna's index so the symbols with lower modulation order can be used, which improves the system performance to some extent. But the authors did not consider the achieving of diversity gains in MIMO which can significantly improve the performance of FDR transmission.
Literature [24] proposed a SM-MIMO transmission scheme called space-time block coded spatial modulation (STBC-SM), which combines SM and space-time block code (STBC) to take the advantages of both while avoiding their drawbacks. By comparing with SM, in addition to the advantage of high spectral efficiency [25] , STBC-SM can achieve second order transmit diversity [26] . Moreover, achieving diversity gains of STBC-SM has been further investigated. In [27] , the authors proposed a stacked Alamouti based spatial modulation scheme called SA-SM, which can achieve the second order transmit diversity and higher spectral efficiency while in [28] , the authors proposed a scheme called space-time block coded differential spatial modulation (STBC-DSM), which is capable of achieving considerable performance gains. Against this background and motivated by the properties of STBC-SM, in this paper, we propose a STBC-SM based FDR transmission protocol, called STBC-SM FDR, and we investigate the performance of STBC-SM FDR in terms of its BER performance and capacity. In our work, both source and destination nodes are equipped with two antennas so that Alamouti code can be used at both nodes. Meanwhile, a single FD relay equipped with multiple antennas can decode Alamouti code transmitted from the source, and then forward the information bits to the destination by using STBC-SM. The proposed STBC-SM FDR scheme takes advantages of both MIMO and FD communications, which can significantly improve the spectral efficiency and reliability of the system.
The main contributions of this paper are summarized as follows.
1) A STBC-SM FDR transmission protocol is proposed in this paper. In STBC-SM FDR scheme, a FD relay equipped with arbitrary number of antennas (N t ≥ 4) decodes the Alamouti code [29] transmitted from the source, and then forwards the signals to destination by using STBC-SM with lower modulation order. Both the relay and the destination nodes are equipped with maximum likelihood (ML) decoders with linear decoding complexity.
2) We investigate the BER performance of the STBC-SM FDR system. Note that there should be at least four antennas at the relay by using STBC-SM scheme, we consider both the direct link and the scattering path of SI at the relay node. Then the SI links can be described as Rician fading, which characterizes the nature of SI in an accurate way [30] . A closed-form expression of the union bound on the average bit error probability (ABEP) of STBC-SM FDR is derived.
3) The closed-form expression of capacity of STBC-SM FDR scheme is derived. The analysis results of the capacity show that channel capacity improves with the increasing of the quality of SI cancellation, SNR and the number of relay antennas. 4) To further eliminate the influence of the RSI, a receive filter G is applied to the proposed STBC-SM FDR system, and this filter is designed based on null-space projection (NSP) and the orthogonality of the core STBC-SM. By using this digital SI cancellation method, the RSI can be further suppressed so that the performance of STBC-SM FDR can be significantly improved, especially when the quality of SI suppression is poor. The complexity of the proposed filter G is analyzed, which can be efficiently reduced by taking the advantage of SM when compared with the V-BLAST.
Notation: Column vectors and matrices are denoted by bold lowercase and capital letters, respectively. (·) * , (·) † and (·) T denote the conjugate, pseudo-inverse, and transpose, respectively. Pr(·) denotes probability. C m×n stands for the complex space of m × n dimension. || · || stands for the Frobenius norm. E{·} represents expectation.
[·] m×n denotes the m × n matrix.
[0] m×n denotes the m × n matrix with allzero elements. Q P denotes the binomial coefficient, and x 2 l denotes the largest integer less than or equal to x, that is an integer power of 2.
II. SYSTEM MODEL
Consider a typical three-node full-duplex relay model as shown in Fig. 1 . The HD source, S, communicates with its intended HD destination, D, through an FD relay R's help, where the relay uses decode-and-forward (DF) protocol to transmit data. Notice that both the source and the destination are equipped with two antennas while the relay is equipped with N t (N t ≥ 4) antennas. In FD mode, the relay suffers from strong SI, which is caused by the signal from the relay's transmit antennas to its own receive antennas. Since it is unrealistic to completely cancel the SI signal, we will consider the quality of RSI in this work.
To achieve transmit diversity gain, the source S broadcasts its data symbol by using Alamouti STBC, owing to its advantages of spectral efficiency and simplicity of ML detection. Assuming that the distance between the source S to destination D is far, the signal can only be received by the relay node. After decoding the signal from the source S, relay R uses the STBC-SM to encode and forward the information bits to the destination D. At the relay node R, when two transmit antennas are activated, the remaining N t − 2 antennas are available for reception. At the same time, the source S successively broadcasts new signals to the relay.
A. CHANNEL MODEL
Assuming the wireless channel between each pair of transmit and receive antennas is subject to quasi-static fading, which means that each wireless channel remains static during one cooperative block, i.e., two time-slots, while it changes independently from one block to another. There are three wireless channels in the considered system, the channel from the source to the relay node, H SR , the channel from the relay to the destination node, H RD , and the SI channel form relay's transmit antennas to its own receive antennas, H SI .
1) The SI channel is assumed to be independent and obeys Rician distribution. The mean µ SI and the variance (per dimension) σ 2 SI of the SI channel are formulated as follows [23] , [31] 
where: i) K SI is the Rice factor assumed to be 1; ii)
denoting the average transmit power of the relay; iii) λ implies the quality of SI suppression, and it is a positive constant from 0 to 1. For example, λ = 0 means poor SI cancellation process which leads to strong RSI, while λ = 1 implies high-quality SI cancellation process which leads to weak RSI.
2) The other two channels, the source-to-relay, H SR , and the relay-to-destination, H RD , are assumed to be independent and to follow Rayleigh distribution with zero mean and variance (per dimension) σ 2 SR and σ 2 RD , respectively.
B. THE PROPOSED STBC-SM FD RELAYING PROTOCOL
The communication of the STBC-SM FDR system can be divided into two stages, where the first stage contains the first two time-slots, in which relay does not transmit signal while the second stage contains the remaining time-slots, in which relay successively transmits signals. 1) At the first stage, the source transmits an Alamouti codeword X S = [x S (1), x S (2)] in the 1-st and the 2-nd timeslots. For the relay, at this moment, it has no signal to transmit, but it needs to receive and then demodulate the Alamouti signal transmitted from the source. Hence, there is no SI at the relay in the first stage, and the received signal y R (1) and y R (2) in the 1-st and the 2-nd time-slots can be expressed as
where i) can be rewritten in a compact form as
where Y R ∈ C N r ×2 denotes the received signals in the 1-st and the 2-nd time-slots at the relay with
During the first stage, there is no signal received at the destination node. From the third time-slot, the communication is in the second stage and the relay starts transmitting the STBC-SM signals to the destination successively. From this moment, the relay works in FD mode, and the whole transmission process can be regarded as an one-way FD communication process.
2) During the t-th time-slot (t > 2 and t is an even number), the source successively transmits Alamouti signal x S (t) to the relay. Simultaneously, the relay emits STBC-SM signal
to the destination, where x R (t − 1) was transmitted at the (t − 1)-th time-slot. At this time, relay R receives the desired signal x S (t) from the source and the SI signal x R (t) from its own transmitter. However, considering the data processing delay of the relay, the n-th
, and then is forwarded to the destination at the (t − 1)-th and the t-th time-slots. Hence, the signal received by the relay can be formulated as follows
where: i) H SI ∈ C N r ×N t is the SI channel from the relay's transmit antennas to its own receive antennas; ii) The complex symbols in STBC-SM codeword are assumed to be N -ary, and let A N be the codebook of all the possible STBC-SM codewords, then A N has size cM 2 with c = N t 2 2 l being the combinations of chosing two transmit antennas out of N t transmit antennas; iii) Note that the information bits transmitted from source should be equal to those forwarded by the relay, i.e., 2 log 2 M = log 2 c + 2 log 2 N , so we have M > N ; iv) We assume that the source and the relay have the same transmit power, i.e., E S = E R = E. Therefore, Eq. (4) can be further expressed as
When N t = 4, the STBC-SM signal X R transmitted from the relay R is chosen from the following codebook A N [24] :
where θ is a rotation angle to be optimized for a given modulation order to ensure maximum diversity and coding gains.
Since that the relay-to-destination can be considered as an STBC-SM scheme with N t transmit antennas and two receive antennas. Hence, the received signal y D (t − 1) and y D (t) in the (t − 1)-th and the t-th time-slots at destination can be expressed as
where i) x R (t − 1) and x R (t) are the transmitted STBC-SM signals in the (t − 1)-th and the t-th time-slots, respectively; ii) H RD ∈ C 2×N t denotes the wireless channel from the relay to the destination node.
denote the transmit STBC-SM codeword. Then the received signal Y D ∈ C 2×2 at the destination can be expressed as
where N D ∈ C 2×2 represent the noise matrix at the destination.
C. DEMODULATION
By applying the ML criterion, both the relay and the destination nodes make an exhaustive search over all possible transmission matrices and then decide the matrix which minimizes the ML metrics.
1) The relay decodes the Alamouti signal within two cooperative time-slotŝ
where Alamouti codebook A M has M 2 different transmission matrices for searching.
2) Similarly, the decoding metrics at destination is given byX
where STBC-SM codewords A N have cN 2 different transmission matrices for searching. Owing to the orthogonality of Alamouti code, both (9) and (10) allow for linear decoding complexity, i.e., their complexity is linearly increased with 2M and 2cN , respectively [24] .
III. ANALYSIS OF ERROR PROBABILITY
In this section, we analyze the error performance of the proposed STBC-SM FDR transmission system by computing an end-to-end average bit error probability (ABEP). Based on the DF protocol, the relay firstly decodes the signal from the source and then encodes and transmits STBC-SM signal to the destination. Thus the STBC-SM FDR transmission can be treated as two parts, source-to-relay (S-to-R) and relay-todestination (R-to-D), then the ABEP of this system can be formulated as follows [32] ABEP STBC−SMFDR = ABEP SR +(1−ABEP SR ) ABEP RD , (11) where: i) ABEP SR is the ABEP relates the source-to-relay, which can be treated as Alamouti transmission process; ii) ABEP RD is the ABEP relates the relay-to-destination, which can be described as STBC-SM transmission process.
A. COMPUTATION OF ABEP
Notice that both Alamouti and STBC-SM have similar transmission form, so we can derive ABEP together. Firstly, we derive their ABEP expression for the STBC-SM scheme, and this expression also fits for Alamouti code. In the STBC-SM scheme, 2m = log 2 c + 2 log 2 N bits are transmitted during two cooperative time-slots by using STBC-SM codeword X i . An upper bound on the ABEP is given by the well-known union bound [33] 
where i) the pairwise error probability (PEP) P X i → X j is given in (14) , and it is the PEP of deciding STBC-SM codeword X j given that the STBC-SM codeword X i is transmitted; ii) m is the spectral efficiency of the STBC-SM scheme; iii) n i,j is the number of bits in error between the matrixs X i and X j . The conditional PEP of the STBC-SM system is given by
where Q(
x e −y 2 /2 dy. By using the moment generating function (MGF) approach [33] , we can get the unconditional PEP (14) where ρ is the average SNR at each receive antenna, λ i,j,1 and λ i,j,2 are the eigenvalues of the distance matrix
Notice that in conventional Alamouti STBC the two eigenvalues are the same: λ i,j,1 = λ i,j,2 = λ i,j , so the PEP of Alamouti STBC can be formulated as
Due to the symmetry of STBC codebooks, all the transmission matrices have the uniform error property, so the BEP upper bound for both STBC and STBC-SM can be simplified to
when the mapping rule is decided, n i,j can be calculated by
is the Hamming weight of x and (x) 2 is the binary representation of x.
1) ABEP SR
The source-to-relay part can be seen as a conventional Alamouti process with SI at the relay node. According to the SI suffered from the relay and (15), (16) , we obtain the ABEP upper bound for Alamouti STBC with SI as follows (17) where ρ is the signal-to-interference-plus-noise ratio (SINR) at each receive antenna, and it can be calculated as
note that E tr X H R X R = 2, σ 2 SR and σ 2 SI are the variance of H SR and H SI , respectively.
2) ABEP RD
Since there is no SI in relay-to-destination part, the transmission process of this part can be treated as the STBC-SM scheme and the union bound of ABEP can be derived by (14) and (16) . From [24] when N t ≥ 4, all the STBC-SM transmission matrices have the uniform error property due to the symmetry of STBC-SM codebooks as (16) . Consequently, we can obtain the ABEP upper bound for STBC-SM as follows
By substituting (17) and (19) into (11), we can obtain the ABEP of the whole STBC-SM FDR system.
IV. CAPACITY OF STBC-SM FDR SYSTEM
In this section, we analyze the capacity of the STBC-SM FDR system. According to the DF protocol, the capacity of the whole system can be formulated as [34] (20) where i) X 1 is the message sent by the source while X 2 is the message sent by the relay; ii) Y 2 and Y 3 are the received symbol at the relay and the destination, respectively. Assuming X 1 and X 2 are independent, (20) can besimplified as
From (21) we can calculate the capacity of STBC-SM FDR system by two parts: the capacity of source-to-relay, depending on I (X 1 ; Y 2 ) and the capacity of relay-to-destination, depending on I (X 2 ; Y 3 ).
A. CAPACITY OF SR
Considering that different combinations of transmit and receive antennas may affect the result of capacity, so we take all the activated transmit antenna's combinations into account. Let H SR p represent the p-th wireless channel S-to-R from c combinations of activated transmit antennas and Pr{p = Active } = 1/c. By using Shannon theorem, the channel capacity of the source-to-relay can be calculated as follows [35] (22) where P H SR p 2 is the SINR at the relay and P can be calculated as follows
here M t is the number of activated transmit antennas which equals to 2.
B. CAPACITY OF RD
In the relay-to-destination part,
denotes the N -ary complex modulated symbol sent by the relay's chosen antennas while X (CH) 2 represents the indexes of the two activated transmit antennas. Therefore the mutual information of relay-to-destination can be calculated by two parts:
then the first term of (24) is given by [36] I X
let H RD p represent the p-th wireless channel R-to-D and the second term of (24) can be calculated by I X
To sum up, the capacity of the relay-to-destination part can be formulated as 
V. DIGITAL SI CANCELLATION FOR STBC-SM FDR
In the previous sections, the performance of the STBC-SM FDR system is analyzed in terms of BER and capacity. However, in some cases, such as the RSI is too strong or the relay node does not equip with enough antennas, the performance of STBC-SM FDR is still not good. So digital SI cancellation must be taken to suppress the RSI. In this section, a digital SI cancellation method is considered to further improve the performance of STBC-SM FDR, which is designed based on null-space projection and the orthogonality of the core STBC. In Fig. 2 , we employ a MIMO receive filter G ∈ C N r ×N r at the relay node. By using conventional NSP to design the filter G, the received beams are projected to the null-space of the SI channel H SI . Thus, the filter G is designed to satisfy the condition
With the filter G, we obtain the received signal at the relaỹ
where theÑ R is the additive Gaussian noise after filtering by G.
Let g nk and h km be the (n, k)-th and the (k, m)-th entries of G and H SI , respectively, then (28) can be further expressed as 
Then we have
where n ∈ [1, N r ] and m ∈ [1, N t ]. VOLUME 7, 2019
A. NSP FOR STBC-SM FDR
In our STBC-SM FDR scheme, the i-th and the j-th antennas are activated at the relay (1 ≤ i ≤ j ≤ N t ), supposing that the relay can fully estimate the i-th and the j-th columns of the SI channel,Ĥ SI , which can be expressed aŝ
According to the definition of generalized inverse matrix H SI H † SI H SI = H SI , we have
with the estimatedĤ SI that the filter G can be designed as [4] 
Notice that the filter G is designed at the relay, so relay can use G for decoding the signal transmitted from the sourcê
B. COMPLEXITY ANALYSIS
In the conventional FD relaying transmission such as the schemes in [4] and [6] , the relay forwards the signal by using all its transmit antennas, i.e., this is the V-BLAST transmission at the relay. In this section, we analyze the complexities of designing the filter G when the STBC-SM and the conventional V-BLAST transmissions are used at the relay, respectively. Here, we quantify the complexity as the number of real-valued multiplication [28] , [37] , where a single complex-valued multiplication is deemed to be equivalent to four real-valued multiplications.
1) CONDITION OF NSP
When STBC-SM transmission is used at the relay, only two rows of X R are non-zero, so that in order to make GH SI X R = [0] N r ×2 , only two columns of GH SI need to be zero, which simplifies the design of the filter G. For example, when the i-th and the j-th antennas are activated at the relay, only the i-th and the j-th columns of GH SI need to be zero in (30) . Therefore, the filter G of STBC-SM FDR just needs to satisfy (31) where n ∈ [1, N r ] and m ∈ i, j(i, j = SM-index).
2) COMPUTATIONAL COMPLEXITY
The complexities of designing the filter G in (34) can be calculated from two parts: i) the complexity of computing H † SI ; ii) the complexity of computing H SI H † SI . In i), the operation of H † SI requires 3 2 M t 2 N r − 1 2 M t N r complex multiplications by using the well-known Greville algorithm [38] while in ii), the operation of H SI H † SI requires M t N r 2 complex multiplications, where M t and N r represent the number of activated transmit antennas and receive antennas at the relay, respectively. To sum up, the number of necessary real-valued multiplication of designing the filter G is 6M t
In Table 1 , we compare the design complexities of the filter G for STBC-SM and V-BLAST under various antennas configurations. To make fair comparison, both two schemes are compared at the same number of antennas at relay (N t = M t + N r ). Table 1 shows that when N t = 4, by employing STBC-SM and V-BLAST transmissions at the relay have the same complexity of designing the filter G, but with the increasing of N t , STBC-SM shows great advantages than V-BLAST. By taking advantage of SM, STBC-SM FDR reduces the complexity of designing the filter G to a great extent compared with V-BLAST since the number of activated transmit antennas in STBC-SM is always equal to two.
C. LIMITATION OF NSP IN STBC-SM FDR
The NSP algorithm projected to cancel the RSI signal if the SI channel matrix is not of full rank, otherwise the null space of H SI will be [0] N r ×N r , which forces all the received signals to be zero in (29) . Hence, the number of transmit antennas should be less than the number of receive antennas. In STBC-SM FDR, there are two activated antennas, so there should be more than two receive antennas at the relay. Since the nonactivated antennas are used for reception, therefore the NSP will work for the total number of antennas N t is larger than four.
VI. SIMULATION RESULTS AND COMPARISONS
In this section, simulation results are presented to show the performance of STBC-SM FDR under different system configurations, and under various spectral efficiencies, to compare with the SM-FDR scheme.
Similarly to section II, we set: i) the source and the relay have the same average energy, i.e., E S = E R = E; ii) the channels H SR and H RD follow i.i.d. Rayleigh fading with σ 2 SR = σ 2 RD = 1/2, respectively; iii) the SI channel H SI follows Rician fading with σ 2 SI = 1/2 and Rician factor K SI = 1.
In Table 2 , we list the parameter configurations for the SM-FDR and STBC-SM FDR schemes. To fairly compare STBC-SM FDR and SM-FDR at the same spectral efficiency and with the same number of transmit antennas, different modulation levels are used for the two schemes. 
A. BER PERFORMANCE COMPARISON OF STBC-SM FDR WITH DIFFERENT ANTENNAS AT THE RELAY
In Fig.3 we provide the BER curves of STBC-SM FDR at 3 bits/s/Hz, with different N t at the realy, and with different quality of RSI. From Fig. 3 , it can be seen that with the increasing number of antennas at the relay, the performance of STBC-SM FDR is dramatically improved. This is because that the more antennas at the relay means the more antennas are used for reception, which provides higher receive diversity gain. Also we can see that with the increasing of λ, STBC-SM FDR scheme achieves better BER performance.
B. BER PERFORMANCE COMPARISON BETWEEN STBC-SM FDR WITH SM-FDR
From Fig. 4 to Fig. 6 , the BER performance of STBC-SM FDR is compared with that of the SM-FDR scheme under 3, 4, and 5 bits/s/Hz, respectively, and the parameter configurations employed for the two relaying protocol are summarized in Table II . It is clear that STBC-SM FDR has better performance than SM FDR, since STBC-SM FDR can achieve the second order transmit diversity.
In Fig. 4 we can see that with N t = 6 transmit antennas, STBC-SM FDR outperforms SM-FDR in all the quality of the RSI situations. Especially when λ = 0.7 and λ = 1, at BER= 10 −4 STBC-SM FDR provides SNR gains about 8 and 11dB over SM FDR, respectively.
As illustrated in Fig. 5 , at 4 bits/s/Hz when N t increases to 8, for λ = 0.7 and λ = 1 STBC-SM FDR obtains SNR gain about 13dB and 16dB at BER= 10 −4 over SM FDR, respectively. Fig. 6 shows that STBC-SM FDR has better performance than SM-FDR in 5 bits/s/Hz even though N t = 4. When λ = 1 STBC-SM FDR has SNR gain about 8dB over SM FDR at BER=10 −4 .
C. VALIDATION OF THE THEORETICAL UPPER BOUNDS
In Fig. 7 , the derived union bound on the bit error probability is compared with Monte Carlo simulations for 3 bits/s/Hz with N t = 6. It can be seen that the simulation results verify the validity of our theoretical analysis. The derived upper bound becomes very tight with increasing SNR values for all cases and can be used as a helpful tool to estimate the error performance behavior of the STBC-SM FDR scheme with different setups.
D. BER PERFORMANCE OF STBC-SM FDR USING NSP
In Fig. 8 , we provide the BER performance of STBC-SM FDR by using receive filter G at the relay, the results show that the proposed digital SI cancellation can improve the BER performance of STBC-SM FDR when the quality of SI cancellation is poor. The BER performance with both λ = 0.3 and λ = 0.7 have been improved, revealing that the BER curves of STBC-SM FDR will convergence to λ = 1 and all the BER curves are better than SM-FDR in varies λ with the help of the filter G. In summary, the filter G can be fully used in STBC-SM FDR when the quality of SI cancellation is poor and the relay equipped with antennas which are larger than six.
E. CAPACITY OF STBC-SM FDR
In Fig. 9 , the capacity of STBC-SM FDR is presented with various λ and N t . The numerical results show that the capacity of the STBC-SM FDR system is affected by the values of λ, SNR and N t .
VII. CONCLUSION
In this paper, to achieve transmit diversity, a STBC-SM FDR protocol is presented, in which the FD relay node forwards the information bits by using the STBC-SM signal. We have analyzed the BER performance and capacity of the proposed STBC-SM FDR scheme. Furthermore, a digital SI cancellation method is presented to the STBC-SM FDR transmission scheme. The Monto Carlo simulation results are provided to verify the validity of our theoretical analysis, also from the simulation results it can be seen that the proposed STBC-SM FDR scheme outperforms the SM-FDR scheme since it can obtain the second order transmit diversity, and the BER performance of STBC-SM FDR is affected by the SNR operating regime, the number of antennas available at the relay and the quality of SI cancellation.
